Mercury is distributed widely across the earth and is still one of the most important environmental pollutants at a global level. Mercury released in the environment by natural events and various anthropogenic activities is of increasing public health concern because of its bioaccumulation as methylmercury in the food chain. 1) To prevent environmental mercury poisoning incidents, technology for treating mercury-contaminated waste and mercury-polluted environments is becoming increasingly urgent. Several methods have been utilized to remove mercury from waste. The majority is based on passive adsorption to an organic matrix rich in binding sites, 2, 3) however, these treatments are costly and result in mercury-laden waters that require disposal. Recently developed strategies are aimed at reducing Hg 2ϩ to the volatile Hg 0 by employing bacterial mercury resistance which relies on the activity of mercuric reductase mediated by the merA gene on mercury-resistant operons. [4] [5] [6] [7] However, application of this technology to the treatment of mercury-contaminated wastes has been limited by social concerns about the release of volatile mercury that will become part of the local mercury cycle and repollute the environment again, into the ambient air. Indeed, the mercury pollution around the Amazon river basin is caused by the volatile metallic mercury which was used for gold mining. 8, 9) To recover and retain mercury into bacterial cells from mercurycontaminated waste by using the bacterial mercury-resistance operon (mer operon), a new mercury scavenging mechanism that could be expressed in the bacterial cells and reduce the mercury toxicity, is necessitated instead of the mercury reduction mechanism mediated by the mer operon.
Inorganic polyphosphate (polyP), a linear polymer of orthophosphate in anhydrous linkage, is ubiquitous, having been found in bacteria, amoebae and mammals. 10, 11) Although the exact physiological functions of polyP are not fully elucidated, polyP has been implicated as a chelator of essential divalent metals in vivo. [12] [13] [14] In view of this finding, it is of interest to know whether polyP can chelate with mercury and reduce mercury toxicity when mercury is taken up into bacterial cells mediated by the mercury transport genes, merT and merP. In the present study, we constructed a fusion plasmid, pMK27, which contained merT and merP genes from Pseudomonas strain K-62, and polyphosphate kinase gene (ppk) from Klebsiella aerogenes, determining polyphosphate kinase enzyme, a key enzyme for polyP synthesis, then we evaluated its feasibility in mercury remediation. Here we found that the ppk-specified polyP is capable of reducing the toxicity of transported Hg 2ϩ , maybe via chelation formation. This result suggested that the fusion plasmid pMK27 could serve as a useful tool for bioremediation of mercury-polluted environments.
MATERIALS AND METHODS
Bacterial Strain, Plasmid and Growth Conditions Escherichia coli XL1-Blue was grown at 37°C in Luria-Bertani medium and used for routine plasmid propagation. When necessary, the medium was supplemented with 100 mg/ml ampicillin. Recombinant plasmid pMRA17, constructed by inserting the 6.6-kb SacI fragment which carries the broadspectrum mercury resistance determinants (merRTPAGB) of the 26-kb plasmid of Pseudomonas K-62 into the SacI site of cloning vector, Bluescript II SK (ϩ), was used as the starting plasmid. 15) Plasmid pKP02 containing a ppk gene from Klebsiella aerogenes 16) was kindly supplied by Dr. J. Kato of Hiroshima University.
Plasmid Construction Plasmid pMRD141 containing merRTP was constructed by eliminating the genes encoding mercuric reductase and organomercurial lyase from plasmid pMRA17. 17) pMK27 was constructed by cloning a 1.3-kb PCR product of merRTP of pMRA17 into the XbaI site of pKP02.
Maxicell Analysis Escherichia coli CSR603 carrying pMK27 was incubated aerobically at 37°C in K medium (M9 medium supplemented with 1% casamino acids and 0.1 mg/ml thiamine). After 50s UV irradiation (50 J/m 2 ), the cells were treated with D-cycloserine (150 mg/ml), and the plasmid-encoded proteins were labeled with 35 S-methionine (1000 Ci/mmol) according to the original protocol. 18) For in- To evaluate the utility of polyphosphate kinase gene (ppk)-specified polyphosphate in mercury remediation, a fusion plasmid, pMK27, with ppk from Klebsiella aerogenes and mercury transport genes, merT and merP, from Pseudomonas K-62, was constructed. The transcription and translation of ppk, merT and merP were found to be mercury-inducible. The ppk-specified polyphosphate was identified in cells preinduced by Hg 2؉ , but not in cells without mercury induction, suggesting that the synthesis of polyphosphate is regulated by merR. The hypersensitive phenotype to Hg 2؉ , shown by bacteria with pMRD141, which contains merT and merP, was almost completely restored to its original levels when the ppk was introduced into the plasmid, suggesting that the Hg 2؉ -toxicity was reduced by the polyphosphate, probably via chelation formation. Bacteria with pMK27 accumulated approximately 6-fold more mercury than the bacteria with cloning vector, pUC119. These results clearly demonstrate that the polyphosphate is capable of retaining mercury in the cells without taxing the cells. Based on the results obtained in the present study, the fusion plasmid pMK27 may serve as a strategy for mercury remediation.
duction, 1 mM mercury was added to the medium during the 1 h period of labeling with 35 S-methionine. Gel electrophoresis was performed by the method of Laemmli, 19) and sodium salicylate was used to detect 35 S-labeled polypeptide.
20)
Northern-Blot Analysis The total RNA from E. coli XL1-Blue carrying pMK27 was prepared according to the method described by Bae et al. 21) Northern-blotting with total cellular RNA was performed by loading 15 mg of RNA in each lane of a 1.0% agarose-6.6% formaldehyde gel electrophoresis in morpholinopropanesulfonic acid buffer, followed by transfer to a nylon membrane (Biodyne A; Pall, East Hills, NY, U.S.A.), according to the method described by Sambrook et al. 22) Hybridization with a 32 P-labeled merT, merP or ppk gene probe was performed according to the instructions of the membrane supplier.
Polyphosphate Determination PolyP in E. coli XL1-Blue, carrying pMK27 cultured in the absence or presence of 1 mM Hg 2ϩ , was extracted with ice-cold 2% trichloroacetic acid according to the method described by Crooke et al. 23) The extract was separated by polyacrylamide gel electrophoresis with 10% acrylamide, and the polyP was strained for 30 min with 0.05% toluidine blue solution according to the method described by Crooke et al.
23)
Mercury Resistance Assay Resistance of bacteria to mercurials was determined on petri dishes as described previously.
15) The zones of inhibition of growth around the disks were measured after incubation at 37°C for 16 h.
Mercury Determination The total mercury in the bacterial cells was analyzed by atomic absorption spectrometry after the cells were digested with concentrated nitric acid, as reported previously. 24) RESULTS AND DISCUSSION Remediation of mercury pollution can be aimed only at altering its toxic form to a less toxic species and/or sequestering it at present, because the amount of extant mercury is finite and unchangeable. Recently, an attempt has been made to utilize mer-mediated reduction and volatilization in the environmental bioremediation of mercury. [4] [5] [6] [7] However, in an open system, the resulting mercury vapor released in this way will be redistributed into the environment. Cleaning up mercury by mer-mediated reduction and volatilization from a mercury-contaminated ecosystem is a difficult undertaking, and not much success has been reported to date. Under this circumstance, an improved biocatalyst is required.
In previous papers, we reported that the merT and merP genes of plasmid pMR26 from Pseudomonas K-62 are capable of transporting not only Hg 2ϩ but also C 6 H 5 Hg ϩ across cytoplasmic membranes. 17, 25, 26) These results reveal that merT and merP may serve as useful tools for the construction of a new biocatalyst for the removal of mercury from mercury-polluted environments. However, the expression of mercury transport functions encoded by merT and merP in the absence of mercuric reductase encoded by the merA gene would render bacteria hypersensitive to mercury. 17, [25] [26] [27] [28] Growth in a relatively higher concentration of mercurials and constitutive expression of the mercury transport activity seem to be necessary for the bacteria applied in the mercury remediation. The important goal of our attempt is to develop a new effective biocatalyst that can retain and accumulate more mercury in the cells, but without taxing the cells. PolyP may be one candidate part for the construction of an effective biocatalyst because it is known to be a strong chelator of metal ions. [12] [13] [14] In the present study, a plasmid pMK27 was constructed by gene fusion of the merR-o/p-merT-merP from Pseudomonas strain K-62 with a ppk gene from Klebsiella aerogenes for mercury remediation.
Northern-blot analysis using the merT, merP and ppk genes as probes showed that all three genes are certainly transcribed to mRNA in the Hg 2ϩ -induced cells (Fig. 1A) . The corresponding polypeptides encoded by the individual gene were also identified in Maxicells with pMK27 preinduced by Hg 2ϩ (Fig. 1B) . These results suggest that the expression of merT, merP and ppk is regulated by the merR gene in the presence of Hg . After separation by polyacrylamide gel electrophoresis, polyP with a molecular mass higher than the standard (chain length; 65Ϯ5) was identified in the cells preinduced by Hg 2ϩ , but not in the cells without mercury induction, as shown in Fig. 2 . The biosynthesis of polyP is also mercury-inducible.
The effect of polyP on bacterial susceptibility to mercury was examined next. pMRD141 which contains merR-o/pmerT-merP has been shown to confer bacteria hypersensitivity to Hg 2ϩ compared with its isogenic cells carrying the cloning vector. 17, 25, 26) This hypersensitivity is thought to result from the accumulation of Hg 2ϩ in the bacterial cells in the absence of a mercury-detoxifying enzyme, mercuric reductase encoded by merA. Introduction of ppk which encodes polyphosphate kinase, a key enzyme for polyP synthesis, into plasmid caused a complete loss of the Hg 2ϩ -hypersensitive phenotype, as shown in Fig. 3 . These results suggest that the transported Hg 2ϩ was converted to a less toxic molecule, probably via chelation formation with polyP. Due to the chelation formation with polyP, the toxic Hg 2ϩ is never free in the cytoplasm, and the bacteria therefore express normal resistance to Hg The amount of mercury which accumulated in the bacterial cells after 24 h incubation with 16 mM Hg 2ϩ was finally determined. As shown in Fig. 4 , the accumulation of Hg 2ϩ in the bacteria with pMK27 was approximately 6-fold higher than in the bacteria with cloning vector pUC119. These results clearly demonstrate that the constructed plasmid pMK27 is able to confer bacteria recovering mercury from medium contaminated with Hg 2ϩ . Our main effort in the present study is to find a molecule for mercury remediation that can retain more mercury into the bacterial cells but without taxing the cells. Based on the results obtained in the present study, the ppk-specify polyP may be a potential candidate. The intracellular chelation formation of mercury with polyP, mediated by the fusion plasmid pMK27, may serve as a strategy for the bioremediation of mercury-polluted environments. Further applicability of pMK27 to environmental bioremediation of mercury is in progress in our laboratory. was determined on petri dishes, as described in Materials and Methods. After 16 h incubation at 37°C, the diameter of the inhibition zone (minus the 6.5 mm disk diameter) on petri dishes was measured. All values are the means of triplicate determinations from three experiments.
Fig. 4. Mercury Contents
The mercury accumulated in E. coli XL1-Blue with pMK27 or pUC119 was determined by atomic absorption spectrometry after 24 h incubation with 16 mM Hg 2ϩ . All values are the means of triplicate determinations from three experiments.
